Abstract Reported values (0.2 MPa-7.0 GPa) of the interlayer shear strength (ISS) of graphite are very dispersed. The main challenge to obtain a reliable value of the ISS using conventional measuring methods was the unavailability of sufficiently large single crystalline graphite. Here we present a novel experimental method to measure the ISS, and obtain the value as ∼0.14 GPa. Our result can serve as an important basis for understanding mechanical behavior of graphite or graphene-based materials.
Introduction
Graphitic systems are used for a wide variety of applications, ranging from lubricant materials [1] to graphite intercalation compounds [2] , graphene-based composite materials [3] and graphene oxide papers [4, 5] . Graphite is also widely used as a raw material to obtain graphenes [6, 7] . Despite the technological and scientific importance of graphitic systems, the knowledge of their mechanical properties, especially the interlayer shear strength (ISS), say τ s , is unexpectedly poor [8, 9] .
The project was supported by the National Natural Science Foundation of China (10832005) The first measurement of τ s was done more than forty years ago by Soule and Nezbeda [10] . Their static test on highly anisotropic-annealed natural graphite gave the values of τ s in the range of 0.25-0.75 MPa, with the average value of 0.48 MPa that has been widely adopted in Refs. [4, [11] [12] [13] [14] [15] . In their experiment, the basal plane shear stiffness constant C 44 was measured as 0.13-1.4 GPa, which is much lower than other previously reported values. This difference was attributed to the basal plane dislocations [16] . The follow-up measurement by Blakslee et al.
[17] on compression-annealed pyrolytic graphite yielded the value τ s of 0.9-2.5 MPa. Surprisingly, except for the above-mentioned two works, there seems to be no other directly measured ISS, as pointed out by Popov et al. [18] . The main challenge to use the conventional static mechanical test to measure the interlayer shear strength is the unavailability of sufficiently large single crystalline graphite [9] . Indeed, the typical sizes of single crystalline grains in graphite are in the micrometer range and thicknesses in the nanometer range [12, 19] .
Very recently, Ding et al.
[20] used a thermal excitation method in a scanning tunneling microscope (STM) for a highly oriented pyrolytic graphite (HOPG) under compressive stress. They reported a shear strength value as high as 7 GPa with caution "The atomistic process for tip-sample interaction in STM might be more complicated than described here. To confirm the mechanism and to calculate the error for the experimental result of shear strength, further studies are of great help." [20] . In fact, the same method used by Snyder et al. [21] to measure the ISS of HOPG lead to a value of 5 MPa, which is three orders in magnitude lower.
Theoretically, graphite presents a major challenge for quantum physics computations due to the two completely different types of inter-atomic bonds: an exceptionally strong sp 2 covalent intra-layer bonding and an extremely weak van der Waals (vdw) interlayer interaction. Tight-binding atomistic simulations yielded the values of τ s as 0.434 GPa by Bonelli et al. [22] and 0.9 GPa by Guo et al. [23] . For density functional theory (DFT), it remains notoriously difInterlayer shear strength of single crystalline graphite 979 ficult to describe the weak van der Waals interlayer interaction [24, 25] . The standard approximations used in DFT, such as the local-density approximation (LDA) and generalized gradient approximation (GGA), can not accurately describe long-distance interactions such as that of the van der Waals force. An alternative to standard DFT is the van der Waals density functional method, which was developed to account for the long-range interaction component by using an explicit nonlocal functional of the density. However, different vdw DFT methods have lead to very scattered results on the van der Waals interactions in graphite [26] .
The above brief review calls for a non-conventional method to experimentally measure a reliable ISS for single crystalline graphite. In this paper, we introduce a novel method, which is inspired by our recent observations of the self-retracting motion of micrometer graphite flakes on graphite mesas [11] and of the microscale superlubricity phenomenon [12] . We obtain the value of τ s about 0.14 GPa.
Experiments
The samples that we used to study the interlayer shear strength were microscale graphite/SiO 2 square mesas that are lithographically constructed, as illustrated in Fig. 1a , with a typical edge size (L) ranging from 0.5 to 20 µm and heights (H) from 100 to 500 nm. The fabricating processes of the mesas were described in details in Ref.
[11], following the method proposed in Ref. [27] . Using a microtip equipped to a micromanipulator MM3A (Kleindiek) to apply Figs. 1b-1c with a straight arrow indicating the shear force, we can shear off a graphite/SiO 2 flake. For mesas with side lengths (L) smaller than 10 µm, we found that many of the sheared flakes after being released can spontaneously move back to their before-sheared positions (Figs. 1d-1e) [12] . We also noted that if the sheared flake was rotated at certain angles, as illustrated in Figs. 1b-1c with a circular arrow indicating the torque, the two surfaces locked together [12] . These "lock-ins" occurs at 60
• intervals, which is consistent with the hexagonal symmetry of the graphite lattices [12] .
Graphite is a layered material composed of single carbon layers-graphenes, in which carbon atoms are located in a hexagonally lattice. In single crystalline graphite, two adjacent graphenes are AB-stacked as shown in Fig. 2a . The main mechanisms of the self-retraction and lock-in phenomena were revealed in Ref. [12] and summarized in following:
(1) Provided a contact between two self-retractable graphenes incommensurate: not only non-AB-stacked, but also have different lattice orientations as illustrated in Fig. 2b , a negligible friction (a superlubricity state) and thus a self-retraction are observed [12] .
(2) Provided an AB-stacking (as in single crystal graphite), a "lock-in" state appears because of the drastically large shear resistance force per unit contact area in such a commensurate contact.
Thus, the external force required to unlock a "lock-in" state corresponds to the interlayer shear strength of single crystalline graphite, τ s . a b Electron back scattered diffraction (EBSD) images (Figs. 3a and 3b) show that the HOPG sample is composed of single crystalline graphite grains with a typical size of several micrometers. Recent experiments combining focusedion-beam/SEM and HRTEM [19] and our experiments on the self-retraction of graphite flakes [11, 12, 26] reveal the thickness of graphite single crystal grains about 5-60 nm. Based on these experimental facts, we proposed a brick-wall model for HOPG polycrystalline structure: single crystal grains (i.e., the bricks) with c-axis well aligned within a few degrees but rotationally mis-oriented in the basal plane [12] .
